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Following implantation, dental implant stability can become compromised due to poor bone 
tissue integration and reactive foreign-body encapsulation. A key tenet of bone tissue 
engineering is biomimetic design, and in particular, the development of responsive surfaces 
that promote ion exchange with interfacing tissues, facilitating the ionic events that occur 
naturally during bone repair, hold promise as orthopedic fixation strategies. Herein, simple 
thermochemical and oxygen plasma processes are described and assessed in vivo as 
functional approaches for the development of dental implants with enhanced integration 
potential.  
 
Non-bioactive titanium dental implants treated by shot-blasting and acid-etching (AE) (to 
produce micro to nanoscale hierarchical topographic structure) induced higher bone implant 
contact (BIC=53% and 68%) compared to shot-blasted treated (SB) implants (BIC=47% 
and 49%) at weeks 4 and 8, respectively. Plasma (PL) or thermochemical (BIO) processes 
were subsequently used to produce a bioactive charged surface by selective ion adsorption 
as indicated by surface zeta potential changes from -34 mV (SB) to -20mV (PL) or -10 mV 
(BIO). In addition, an increase on the polar component of surface energy was obtained due 
to higher number of surface hydroxyl groups as indicated by X-ray photoelectron 
spectroscopy (XPS) and energy-dispersive X-ray spectroscopy analyses (EDX). In vivo 
results showed that charged implants exhibited enhanced osteoconductivity through ionic 
surface-tissue exchange (PL, BIC= 69% and 73% and BIO, BIC= 83% and 86 % at weeks 4 
and 8 respectively). Furthermore, charged bioactive surfaces (PL and BIO) obtained 
functional mechanical stability as early as 4 weeks post implantation via increased total 
bone area (BAT=56% and 59%) ingrowth compared to SB (BAT=35%) and AE 
(BAT=35%) surfaces. This results correlated positively with clinical evaluation of 
osseointegration using resonance frequency analysis (RFA). This study describes the 
development and application of surface functionalization methods to selectively modulate 






Controlled bone-implant integration represents a primary goal of orthopaedic 
bioengineering. Considering titanium implants for load bearing applications, the 
required time to achieve a minimum level of osseointegration with mechanical stability 
is between 8 and 12 weeks1,2. Although titanium surfaces offer improved predictability 
and superior bone tissue integration relative to alternative metallic implants (i.e. Co-Cr-
Mo, stainless steel) titanium is not exempt from risk of failure, especially during the 
proliferative phase of bone repair (between weeks 4 and 8). Common failure 
mechanisms range from encapsulation to low primary stability as a result of poor early 
bony integration. Thus, further research into improving the early integration of implants 
while controlling the immune-mediated foreign-body response has become of vital 
importance. 
Recently, a number of functionalisation strategies focused on surface modification have 
been utilized to obtain rapid osseointegration in vivo, shorting the time for peri-implant 
bone healing and remodelling1,3. Indeed, cell-surface interactions can be regarded as the 
principal defining factor in determining the successful long-term performance and 
biofunctionality of an orthopaedic device following implantation. The physical surface 
properties of an implant i.e. topography, surface energy, charge density, and the 
presence of specific functional groups can directly modulate the tissue response in vivo, 
and influence the onset of fibrosis or controlled osseointegration.  Current materials 
used in bone repair have failed to restore bone function and their lack of biomimicry 
reflect an increasing need for the development of mechanically biomimetic biomaterials 
capable of regulating the peri-implant biological activity. Current biomimetic 
approaches in the design of orthopaedic devices have focused on chemical and/or 
physical modification of the device surface to more closely mimic the microstructure or 
topography of bone tissue in order to regulate device integration. Specifically, the 
incorporation of nanoscale topographical features aims to interact with specific cell-
transmembrane receptors (i.e integrins) in attempt to modulate cell adhesion and 
cytoskeletal tension. These are considered processes that are of vital importance in 
osteogenesis and osteoconduction 
However, encapsulation of metallic implants by fibrous tissue, a physiological process 
that protects the body from foreign bodies, frequently results in arrested bone repair and 
subsequent implant failure4–6. To address this challenge, bioactive surfaces have been 
explored, functional approaches that rely on the formation of a chemically stable bond 
between the biomaterial surface and the surrounding bone extra cellular matrix without 
triggering a fibrotic response. This effect was first observed by Hench et al. who 
described the efficacy of calcium phosphate functionalization in promoting implant-
bone integration7,8. Different methods for calcium phosphate (CaP) coating of implants 
to promote bioactivity have been developed and include plasma-spray, CVD or layer by 
layer self-assembly9-9; however, non-uniformity, delamination and poor bioactivity have 
been reported limiting their clinical applications1.  
The bone-integration ability of calcium phosphate functionalization derives from its 
polarized surface that initiates a process of heterogeneous nucleation of supersaturated 
physiological fluids. Briefly, ionic exchange between a functional ceramic interface and 
extracellular calcium and phosphate ions results in the catalyzation of a surface apatite 
layer. In addition, surface calcium form electrostatic bonds with polyanionic calcium-
binding proteins (i.e osteoclacin and osteopontin). Indeed, electrically charged surfaces 
(polarized) control specific-molecule accumulation including amino acids, ionic groups 
or proteins (i.e serum albumin) to induce bone repair and repulse undesirable 
contaminants (i.e hydrocarbons) from the surfaces to prevent host reactions12–14.  
Recently, it has been showed that the charge of titanium’s ceramic layer can be altered 
by oxidation and chemical modification through different surface modification 
techniques including alkali-heat and plasma treatments15,16. It is hypothesized that in 
combination, nano topographical cues together with bone inducing surfaces (polarized) 
represents an emerging and attractive novel methodology to produce rapid 
osseointegration of implants. In addition, it still remains unclear whether the efficacy of 
the bioactive surfaces is due to surface charges density, chemistry or induced nanoscale 
topography. In this project, we sought to combine appropriated implant chemistry with 
specific nanoscale topography to accelerate in vivo bone-implant integration by rapid 
repair. We compared the in vivo response of two different (apatite-forming) bioactive 
surfaces with different levels of charge density and two non-bioactive surfaces with 
different topography levels.  We adopted high resolution histomorphometry to precisely 
quantify the osseointegration level differences between implants at the three relevant 
time points (2, 4 and 8 weeks) in a minipig animal model. Finally, the results obtained 




Ti c.p grade 3 disks and implants, kindly provided by SOADCO S.L were used for in 
vivo and physicochemical characterization. The surface treatment regimes analyzed in 
this study were: i) as-machined as control (CTRL), ii) shot blasted with alumina 
particles (600-μm size) (SB), iii) shot blasted and acid-etched with sulfuric acid (48 % 
v/v) for 5 minutes at 80ºC (AE) , iv) shot blasted, acid-etched and plasma treated with 
oxygen plasma at low frequency for 20 minutes and immediately immersed in Na+ rich 
solution (PL) and v) shot-blasted, alkali and heat-treated (BIO): a bioactive coating was 
produced by thermo-chemical treatment using 5 M NaOH for 24 hours at 60ºC followed 
by a thermal cicle of 600ºC for 1 hour 20–22. Finally, all implants were sterilized with 
gamma ray at 25 kGy.  
Topographical characterization 
The surface roughness of all experimental groups (n=6) was first evaluated qualitatively 
by field emission scanning electron microscopy (FESEM Supra 40, Carl Zeiss, 
Germany) with a voltage of 5 KeV. Following Wennerberg and Albrektsson 
recommendations21, surface roughness parameters related to vertical amplitude (Sa, Sq , 
Sz and Si), horizontal spacing (Sm) and hybrid vertical and horizontal roughness (Sdr) 
were obtained using White light interferometry (WLI, Wyko NT9300 Optical Profiler 
Veeco Instruments, USA) in Vertical Scanning Interferometry mode (VSI) and Wyko 
Vision 232TM software (Veeco, USA). In addition, a Gaussian filter was used to 
separate waviness and form from roughness (cut-off values, λc = 0.8 mm, for CTRL, 
SB, AE,PL and BIO surfaces and λc = 0.25 mm. Finally, nanoscale surface topography 
quantitative analysis was carried out by atomic force microscopy (AFM Multimode, 
Veeco Instruments, USA) in the tapping mode on an area of 5x5 µm. The vertical 
amplitude roughness parameters including Ra and Rz were obtained. 
 
Wettability and surface energy 
The measurement of the static contact angle (SCA) was carried out by the sessile drop 
method for non-bioactive surfaces. Conversely, the captive bubble method was used for 
bioactive samples (T = 25 ºC) using a water (MilliQ) saturated PMMA chamber. The 
contact angle measurements (n=6, r=9) were performed using a contact angle video 
based system (Contact Angle System OCA15plus, Dataphysics, Germany) and analyzed 
with SCA20 software (Dataphysics, Germany). Following Pegueroles et al.22, the 
Wenzel equation was applied to account for the effect of surface roughness on surface 
wettability. Intrinsic contact angle and total surface free energy (SFE) was assessed 
using two different liquids on each sample: ultra-pure distilled water (MilliQ), and di-
iodomethane following recommendations by Chesmel et al 24,25 . Consequently, the SFE 
components (dispersive and polar) were calculated by means of the Owens and Wendt 














(Total SFE) 𝛾𝑠 =  𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡  𝛾𝑠
𝑑 +  𝑝𝑜𝑙𝑎𝑟 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡  𝛾𝑠
𝑝





XPS (Perkin-Elmer Physical Electronics, USA) spectra were obtained using a 
monochromatic X-ray source, Al anode with a K radiation energy of 1486,6 eV at a 
take-off angle of 45°. The elements present on the surface were qualitatively evaluated 
by low-resolution (pass energy=187,85 eV) survey spectra, whereas high-resolution 
(pass energy=23,5 eV) spectra were taken to establish the binding energy and peak area 
for quantitative analysis. The positions of the peaks were referenced to C 1s at 285,0 ± 
0,2 eV. The determination of the atomic concentration provides the ratio element/sum of 
all the elements present in the acquired data. The calculation is based on the evaluation 
of the area of the peak, using the sensitivity factors provided by Perkin-Elmer. All data 
calculations (peak fitting, integration and background subtraction) were performed with 
appropriate software (Multipak 6.0, Perkin-Elmer Physical Electronics, USA). 
Zeta potential measurements 
The measurement of zeta potential for the different surfaces was carried out using an 
electrokinetic analyzer (SurPASS, Anton Paar) at pH = 7,4. The surface zeta potential 
was determined after 24 h of surface stabilization in a 0.001M KCl electrolyte solution. 
Protein adsorption test 
Quartz Crystal Microbalance (QCM-D) with Dissipation Monitoring was used for for 
studying protein adsorption kinetics. Adsorption of Fn on TiO2-coated sensors from Fn 
solutions at 50 ug/ml were performed at 37 ºC. TiO2 samples were treated with Argon 
ion irradiation followed by annealing to generate 4 different type of samples with 
controllable chemistry (Ti3+ or Ti4+) and roughness (Ra= 1.1nm or 0.3nm).  
In vivo study 
All animal handling and surgical procedures were conducted according to European 
Community guidelines for the care and use of laboratory animals (DE 86/609/CEE) and 
approved by the local veterinary school ethical committee. A total of 96 implants were 
divided into four groups (SB, AE, PL and BIO) and implanted into 12 female minipigs 
(5-7 years old). For each time interval, two different surface conditions (in left and right 
mandible respectively) were assessed per animal. Before euthanasia, the implant 
stability quotient (ISQ) was measured using resonance frequency analysis (RFA, Osstell 
ISQ®, Sweden) according to the manufacturer’s indications. Animals were euthanized 
under general anesthesia by an intracardiac injection of barbiturate (Dolethal®, 
Vetoquinol, France) at 2, 4 and 8 weeks after implantation. The mandibles were 
radiographed to localize the implant and afterwards they were cut in the buco-lingual 
direction (Exakt 310, Exakt, Germany) and never overpassing 10 mm width to ensure 
proper posterior fixation. The samples were fixed in 4 % formaldehyde neutral solution 
for 7 days, subsequently rinsed in water, dehydrated in graded series of ethanol (from 
70 to 100 %) and then embedded into polymethyl methacrylate (Technovit 7200 VLC, 
Kulzer-Heraus, Germany). Finally, each implant was sectioned along the longitudinal 
axis with a diamond circular saw (Leica SP1600, Wetzlar, Germany) and polished. The 
samples were then observed by SEM using the backscattered electrons (BSE) mode to 
differentiate between Ti implant, old and new mineralized bone based on their density 
levels. Global histomorphometry was carried out using a custom-made program based 
in an image processing system (Quantimet 500MC, Leica, Cambridge, UK). The 
percentage of direct contact between mineralized bone and implant was calculated 
(BIC), bone ingrowth into the threads (BAT) and the bone density 1mm outside the 
implant threads (ROI) (see figure S2). The other part of the block was processed for 
histology (Leica SP1600, Germany). The sections were then ground to a final thickness 
of about 100 µm. Qualitative examinations were performed by light microscopy on 
stained sections (golden-masson trichrome and Hematoxylin&Eosin) 
 
Statistical analysis 
The statistical analysis was performed with ANOVA software using the multiple 
comparison Fisher’s test to determine statistically significant differences between 
groups (P<0.05). Each data point represents mean ± standard deviation (SD) of at least 
three independent experiments. 
 
Results 
Surface physicochemical analysis.  
The surface microstructure and chemistry analysis by SEM, AFM and XPS are shown 
in Figures 1, 2 and Table 1. While control surfaces presented a chemically homogenous 
flat surface (Sa = 0.02 m), SB surfaces were characterized by valleys and peaks of 
different sizes (Sa = 3.48 m). Similarly, acid-etched samples showed Sa values of 3.61 
µm and 3.72 µm (AE and PL respectively) and presented a more complex 
nanostructured surface. AFM findings showed a superimposed nanoscale structure 
(figure 1B) as noted by the increase in Ra values, from 35 nm (SB) to 109 and 112 nm 
(AE and PL respectively). Interestingly, SB and BIO surfaces presented a similar 
roughness profile (Sa of 3.48 µm and 3.52 µm respectively), indicating that alkali-heat 
treatment did not affect the underlying topography. However, SEM (figure 2) showed 
that BIO treated materials possessed a rough nano-porous structure (Sa= 226 nm). 
Furthermore, chemical analyses revealed increased content of carbon, sodium and 
calcium, significantly decreasing the signal of Ti present on the surface and increasing 
the electrical charge of the implant (from -34 mV to  -10 mV) (table 3). Finally, the 
hybrid parameters (Sdr and Sm) were similar for all surfaces (Sm=101-145 and Sdr=103-
134 %) with respect to control samples (Sm=22% and Sdr=35%) and only differed 
significantly for the Bio surfaces (Sm=205% and Sdr=225%). While conserving same 
vertical amplitude values (Sa), nanoscale features spatial density changes (Sdr>200%) in 
BIO surfaces resulted in distinct surface morphology (figure 2).  
Figure 3 shows the SFE components values calculated according to Owens and Wendt 
25 using the intrinsic contact angles (figure S1). In particular, SFE polar component 
values for SB and AE were higher (27 and 29 mJ/m2 respectively) compared to control 
(13 mJ/m2) although they increased significantly further for PL and BIO (34 and 37 
mJ/m2 respectively). According to the high resolution XPS of Carbon and Oxygen 
elements, it was observed that PL and BIO contained larger amount of hydroxyl groups 
on the surface (higher ratio of OH-/TiO2), which can be explained as result of the 
thermal oxidation to the Ti-O bonds of the oxidated layer. Conversely on PL, Ti-Ti 
bonds are easily broken by oxygen plasma and they can react with species of high 
energy created by plasma to produce hydroxyl groups. Finally, the higher content of O2 
on the SB surface can be attributed to the larger presence of alumina particles and water 
physically adsorbed. 
Histomorphometric analyses 
Ninety-six implants were placed without complications or adverse reactions. After two 
weeks of implantation, it was clearly observed that the BIO implant offered enhanced 
osseointegration as evidenced by a higher adhesion and bone ingrowth (BIC=49% and 
BAT=27% respectively) compared to SB (BIC=39 and BAT=23%). In contrast, AE 
surface presented the lowest BIC and BAT values (19% and 18% respectively) and 
were associated with increased bone resorption (figure 4). The SB group did not show 
any change in potential for bone resorption or regeneration relative to control surfaces. 
Despite the initial low BAT values, AE and PL surfaces promoted bone repair by week 
8 as evidenced by increased bone erosion in harversian remodelling sites thus, higher 
presence of active osteoclastic fronts or cutting cones (figure S4). Of particular interest, 
plasma treatment promoted bone growth along the surface indicating a high 
osteoconductive capabilitity (figure S4). After four weeks, it was observed that BIO 
surface possessed sufficient mechanical stability to support physiological loading (ISQ= 
82%, figure 4), which was mainly related to the high levels of osseointegration achieved 
(83 % of BIC and 61% of BAT). Similarly, PL surface also reached good mechanical 
stability by 4 weeks (BIC=70%, Bat=59% and ISQ=80%, figure 4). Finally, after 8 
weeks of implantation, all the surfaces achieved a similar degree of bone ingrowth 
(BAT = 60%) and presented adequate adhesion (BIC=65-90) with respect to the SB 
surface (BIC=50%). In addition, the microstructure of the bone in contact with the BIO 
surface presented larger mineralized and structured bone tissue (figure 4).  
Discussion  
Bone tissue repair after traumatic injury or bone loss following a pathological disease 
remains an important challenge in the field of orthopaedic and craniofacial surgery 26. 
Current treatments including autografts and allografts are clinically challenging, 
expensive and linked to health risks and additional surgical procedures. Despite 
continuous progress in the understanding of biological and physical characteristics of 
bone microenvironment, lack of biomimetic approaches on current orthopaedic devices 
reflect the increasing need for improved solutions27. Novel solutions need to employ 
biologically responsive approaches that focus on modulating bone tissue structure and 
function. It is increasingly becoming clear that biological systems respond with extreme 
sensitivity to their environment and therefore to the physico-mechanical properties of an 
implant surface including surface free energy, charge and topography 28. A key principle 
of medical device technology is to exploit this ability to develop novel surface 
modification approaches to stimulate early bone tissue regeneration. In this study, we 
describe a combined physical and chemical surface modification process to induce rapid 
bone integration. 
 
First, we developed non-bioactive surfaces following industrially common strategies 
based on the use of facile processing techniques to regulate bone repair. We fabricated 
rough surfaces (Sa> 3.5 um) by shot-blasting as described previously in our studies to 
obtain improved cell adhesion and osteospecific differentiation 22,29–31. Subsequently, 
chemical acid etching (AE) was used to significantly alter the topography and confer a 
hierarchical micro to nanoscale topography 32–35. Treatment with acid generated a 
superimposed nanotopography (nanopits of 4-6 nm) which represents a 3-fold increase 
on the overall nanoroughness (table 1 and figure S1 A), elimination of physic adsorbed 
contaminants and electrolyte residues and thicker (10-15 nm) homogenous oxide layer 
(TiO2) on the surface as observed by XPS analysis and SEM structural analysis (figure 
3). Although both modifications SB and AE (termed subtraction methods36) did not 
provide significantly higher total free surface energy (47 mJ/m2) compared to CTRL (39 
mJ/m2); surface interactions with polar components (as indicated in figure 3) increased 
from 16 to 28 mJ/m2, which plays an important role in protein adsorption, cell 
attachment and bone growth18–20.  
 
Bone repair requires synergistic coordination between different cellular functions 
including cell adhesion and differentiation that are highly regulated by the 
microenvironment37–42. Substrate adhesion allows cells to attach and sense the 
physicomechanical properties of the extracellular matrix (ECM) via transmembrane 
integrin receptors43–45 . In turn, differentiation of bone progenitors cells is regulated by 
ECM chemical factors 46–49, but recent studies suggest that electrical properties 
(electrical charges) of the ECM might also play an important role on cell signalling and 
bone repair50–55. Surface electrical charges and streaming potentials resulting from ionic 
exchanges can produce electrical cues necessary to regulate cell function56,57. In this 
study, we fabricated an electrically charged bioactive surface via thermochemical 
treatment or plasma treatment that promotes ion exchange with the surrounding media. 
However, since these modifications have also a simultaneous impact on the topography 
and chemistry, it becomes unclear the individual effect of roughness or charge surface. 
To unravel and assess each parameter effect, we investigated the adsorption of 
fibronectin (Fn) on mono-crystals of TiO2 with controllable chemistry and topography 
(figure S6 and S7) using confocal microscopy, AFM and quartz crystal microbalance 
(QCM-D) measurements. Overall, the results showed an increase on the amount of Fn 
adsorption with decreasing roughness and increasing surface charge, highlighting the 
importance of surface charge. In our in vivo experiment, in order to decouple the 
nanoscale topography effect from the ionic exchange effect , we fabricated a 
nanostructured surface with zeta potential changing from -29 mV (AE) to -20 mV using 
oxygen plasma treatment (PL) 9,18,59–60. The change on surface charge is attributed to an 
increase on OH/TiO2 ratio (2.7) compared to AE (0.7). Finally, after immersion in Na
+ 
rich solution, the surface becomes more positively charged (figure S3). As shown 
previously by Pegueroles et al62, surfaces with increased OHˉ groups (surface free 
energy and charge) adsorb larger amounts of Fn and provides a higher number of 
specific cell-binding sites. Interestingly, cells on Fn-coated Ti surfaces showed a 
differential expression of α5β1 integrin, showing that cells might change from a relaxed 
stated to a tensioned state. 
 
There is a consensus in the tissue engineering community that directed cell adhesion 
and biomaterials toxicity are associated with different types of interaction between 
ECM molecules and biomaterial surface including dispersive and specially polar 
interactions (SFE components)63. Dispersive interactions are always present since they 
are caused by temporary fluctuations of the charge distributions (i.e van der Waals 
interaction); however polar interactions comprises interactions between permanent and 
induced dipoles (i.e. hydrogen bonds) and can be modulated. Following plasma 
treatment, surfaces presented higher surface free energy polar component and were 
substantially more hydrophilic compared to SB and AE surfaces. It is reasoned that 
plasma bombardment generates hydroxyl groups on the surface via hydrolysis (if 
partial) of oxide layer (hydrated by atmospheric water vapor) and therefore interact with 
Na+ therefore modifying the surface electrical charge from negative (-29 mV) to slightly 
negative (-20 mV).  AFM analysis revealed an increased superimposed nanoscale 
roughness on PL (Ra =112 nm) and Bio (Ra=225 nm) surfaces compared to SB (Ra=34 
nm). In addition, chemical composition analysis (EDX) on the surfaces showed values 
of Na+ / Clˉ ratio greater than 1, thus demonstrating preferentially absorption of Na+ 
ions on the surface via ionic interaction (figure S3). It is expected than upon contact 
with body fluids an ionic exchange with protons will occur initiating ionic exchange. As 
shown in our previous studies, the apatite nucleation on the bioactive surfaces is mainly 
localized at concave parts with an electrostatic-favoured situation. Thus, increased 
density of surface charges (increased with nanoroughness) and rapid consumption of 
calcium ions with limited mobility occurs at the bottom of the concave parts. Wang et 
al. showed that apatite nucleation is favoured in concave parts where, as a consequence 
of geometric features, ionic mobility is restricted64. The surface charge provides 
bioactive surfaces with an increased amount of hydroxyl groups, essential for the 
acceleration of apatite nucleation. Furthermore, specific ionic exchange pattern is also 
observed in natural bone repair where apatite nucleation appears at the nanometric 
spaces of the OHˉ charged organic matrix. The charge on the PL and BIO surfaces is 
highly dependent on the formation of new Ti‐OH− groups. In conclusion, surface 
roughness (micro and nano), charge and ion concentration mobility in the solution 
nearby the surface influence apatite nucleation as shown in figure 6 and explained by 
Bohner et al 65. 
 
In this study, the in vivo response of dental implants with micro (SB) and nanoscale 
structures were characterized (AE). After 2 weeks of healing, the implants with micro 
scale structure showed higher values of bone adhesion and ingrowth than for 
nanostructured surfaces. However, this effect was reversed after 4 weeks of 
implantation where both adhesion and ingrowth were higher for nanostructured 
surfaces. In a previous study done by L. Salou et al, similar results were observed where 
nanostructured implants performed initially worse at 2 weeks but after 4 weeks the trend 
was reversed 66. During the last decade, the number of studies that has demonstrated the 
effect of surface properties on tissue repair has increased considerably1,34,66 . To our 
knowledge, most of the studies focus on topographical changes to direct cell response 
and bone healing; only few studies have compared nanostructured surfaces with 
different charge density with a successful bioactive surface. Plasma treatment is 
relatively simple process and has been shown to influence the wettability and surface 
charge density. Proliferation and differentiation of preosteoblastic cells, thus bone 
formation is influenced by nanoscale topography but, in a greater extent, when 
combined with chemical and electrical cues. In this study, the electrical charge of a 
nanostructured surface (PL) was successfully changed by plasma treatment and after 
immersion, Na+ was adsorbed in the surface. PL implants showed an initial low 
adhesion (BIC 20 %) at two weeks; however after 4 weeks of implantation they showed 
a rapid healing and reached secondary mechanical stabilization (BIC 70%). Finally, the 
extent and rate of regeneration of PL surfaces was compared to a well-known 
biologically active (BIO) surface able to guide specific cell bone differentiation, tissue 
repair and remodelling through nonspecific adsorption of protein. The bioactive surface 
(BIO) was created by a thermochemical process that results in the formation of a Na+-
rich dense gel (amorphous sodium titanate) as shown in the XPS spectrum. Through the 
exchange of a large number of Na + with H3O
 +, fluid can negatively charge groups Ti-
OHˉ and as a consequence there is a combination with Ca2+ ions positively charged 
resulting in an amorphous calcium titanate (figure 6). As these ions accumulate, surface 
acquires an overall positive charge and is at that point when the connection starts with 
the phosphate groups until the surface becomes an amorphous calcium phosphate. 
Besides bioactive character, BIO surface presented a nanoscale topography with 
nanopits of an average size of 7 nm (figure S1) that can enhance osseointegration 
through the activation of integrin-mediated signalling pathways and as nucleation points 
for the apatite formation. Ultimately, BIO implant presented a faster and extensive bone 
healing compared to all other surfaces; however, Pl also presented an exceptional 
regenerative potential owing its osteoconductive ability. This was noticeable already 
after four weeks, reaching a BIC of 70 % and BAT of 59% and no adverse tissue 
reaction was observed since week 2 (Figure S5). The values of resonance frequency 
after and before the implantation correlated in good manner with those of 
osseointegration (figure 5).  
Conclusion 
This study assessed the effect of nanoscale features and surface charges on the bone 
adhesion and growth of commercial dental implants. After 2 weeks of healing, SB 
surfaces showed the highest stable level of adhesion and tissue growth. Results after 4 
weeks showed that both plasma treated, PL, and bioactive, BIO, surface promoted tissue 
regeneration demonstrating their intrinsic osteconductive ability.  
Future perspective 
Several studies have proved that nanoscale topographical cues are able to determine 
MSCs fate into osteoblasts. In this study it was observed that bone remodelling rate was 
further regulated in nanostructured implants by surface charges promoting ionic activity 
in combination with nanoscale topography. Therefore, incorporation of bioactive 
character into any medical device might require to integrate mechanical cues using 
nanoscale topographies and dynamically activated electrical cues to reduce the time of 
bone regeneration. Nanostructured surfaces that would be responsive to the dynamically 
changing environment would be of particular interest for implants manufacturers. 
Piezoelectric or electrical conductive materials may be used to induce surface charges 
and control the bone resorption or regeneration. 
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Figure 1. a) SEM images showing the surface morphologies after the different modifications 
(Ctrl, SB, AE, PL and Bio). b) Representative 3D topography images of the different surfaces 





Figure 2. Comparison in chemical composition between the two different nanoscale structures 
generated by acid etching and thermochemical process using EDS.  
 
 
  a) b) c) 
Figure 3. a) Surface free energy (SFE) quantification presenting the total SFE and its 
components (dispersive and polar) of the different surfaces. b) XPS results showing the increase 
of OH- groups on the treated surfaces, especially for the plasma treated. c) Deconvoluted signals 
of XPS showing that despite the SB surfaces presents the highest value of OH- , it is accounted 
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Figure 4. Representative histological SEM images for the 4 different conditions. High 
magnification SEM images were stitched together with 20% overlapping to form complete 
image of one implant. At higher magnification, it is possible to appreciate the differential bone 
ingrowth between different treatments. After 4 weeks of implantation, Pl and Bio surface show 
a higher osteoconductive ability and higher bone repair associated. Graphic representation of 
osseointegration level characterized by BIC and BAT values for the different surfaces. It is 
noted a statistically significant difference (p<0.05)at 4 weeks of the groups with BIO and PL 
















Figure 5. Evidence for secondary (remodeled) tissue and osteoconductive ability on both Pl and 
Bio surfaces after 4 and 8 weeks of implantation. BIO surface shows high level of bone 
ingrowth at 4 and 8 weeks. It’s observed a high amount of new woven bone on the area inside 
threads separated by the cement line (white arrows) which is going to maturate. No bone 
resorption it’s observed. PL surface also presents an excellent osteoconductive ability as 
evidenced by growth guided by surface at 4 and 8 weeks. At 4 weeks it is observed a slim layer 
of 3 µm of lamellar bone and at 8 weeks the osteoconductive capability is more evident (white 
arrows).  
 
Figure 6. The increase of osteoconductivity of physically and chemically modified surfaces 
relies on intracellular tension due to nanoscale roughness and rapid consumption of calcium 
ions for acceleration of apatite formation due to specific ionic body fluid-surface exchange. 
Tables 
Table 1. Results obtained from interferometry (WLI) and AFM of the topography at two 
different scales. 
 Ra/Sa  Rq/Sq  Rz/Sz  Sm  Sdr  Si  
Scale Nano(nm) Micro(μm) Nano(nm) Micro(μm) Nano(nm) Micro(μm) (μm) (%) (-) 
CTRL 16.3±1 0.02±0.01 24.8±1 0.02±0.01 190±2 0.02±0.01 22.75±4.51 35.12±4.51 1.00±0.00 
SB 34.4±2 3.48±0.41 47.7±2 4.19±0.68 463±2 20.48±2.07 101.58±9.23 103.93±8.51 1.61±0.13 
BIO 226± 2 3.52±0.54 277±1 4.05±0.56 1617±5 18.59±2.44 205.35±8.23 225.12±12.51 1.75±0.26 
PL 112± 3 3.61±0.32 140±2 4.59±0.48 1330±4 25.87±2.21 145.15±7.83 113.54±9.51 1.56±0.11 
AE 109± 2 3.72±0.50 142±3 4.21±0.61 987±3 25.99±2.31 123.21±6.75 134.45±19.46 1.67±0.21 
 
Table 2. Atomic concentrations in percentage of the elements detected by EDS (bulk chemistry) 
and XPS (surface chemistry). All the elements are expressed in atomic concentration 
n.d. = non-detected 







C O   Ti Cl Na N Ca Al 
Scale Surface Bulk Surface Bulk Surface Bulk Surface Bulk Surface Bulk Surface Bulk Bulk 
CTRL 41.363 44.8 48.957 49.1 6.210 6.10 0.286 n.d  n.d n.d 3.183 n.d n.d 
SB 59.154 38.1 29.77 51.8 1.345 10.1 n.d n.d n.d n.d. 9.731 n.d n.d 
BIO 43.764 4.54 44.974 60.6 4.139 5.71 0.216 11.1 6.027 9.54 n.d n.d 1.47 
PL 32.498 n.d 51.803 45.9 9.121 44.4 2.111 8.62 3.373 0.59 1.094 0.5 n.d 
AE 36.035 n.d 53.126 39.6 9.119 54.2 n.d 6.23 n.d n.d 1.72 n.d n.d 
 Zeta potential (mV) 
CTRL -25 ± 3 
SB -34 ± 3 
BIO -10 ± 4 
PL -20 ± 5 




















































































































































































Figure S1. Physicochemical characteristics of the different surfaces using AFM, contact 
angle and XPS. a) Roughness profiles obtained by AFM b) XPS general spectra (S1) 
revealed the presence of Oxygen, Carbon and Nitrogen elements and in less amount Na 
and Cl found on all different titanium surfaces. b) High resolution spectra for all the 
samples. The higher atomic concentration of O and Ti in PL and BIO samples suggests 
less hydrocarbons contamination adsorbed onto the surface. 
  
Figure S2. Computer-aided tool image segmentation and quantification of histological 
parameters. Representative images illustrating the difference in the quantification 





Figure S3. EDS mapping of Al2+, Na+ and Cl- on PL samples. In addition. Al2O3 
particles were found embedded on the surface as result of the shot blasting. This is 











Figure S4. Initiation of proliferative phase after 2 weeks of implantation. It is observed 
an extensive bone resorption and cutting cones (white arrows) on PL compared to SB. 
 
Figure S5. BIO surface at 2 weeks of implantation: Bone is deposited directly upon the 
metal without any interposition of other tissue components detectable at the level of the 
light microscope.  It is observed a high content of bone matrix onto the surface and a 
high amount of bone ingrowth. 
 
All the animals tolerated and survived the post-surgical period without any 
complications. The implants were macroscopically analyzed and neither malpositioning 
nor signs of inflamation or tissue reaction were found around the implant site. These 
clinical findings were confirmed radiography and histological analysis that 
demonstrated no evidence for peri-implant radiolucencies and no increment of 
















Roughness Ra = 0.16 nm Ra = 1.1 nm Ra = 0.4 nm Ra = 0.3 nm 
Zeta 
Potential 
Zeta = -25 mV Zeta = -34 mV Zeta = -40 mV Zeta = -46 mV 
Surface Free 
Energy 
SFE = 50,7 mJ/m2 SFE = 50,4 mJ/m2 SFE = 45,4 mJ/m2 SFE = 45,3 mJ/m2 
Figure S6. Physical properties of 4 sample types with different chemistries 
and roughness. 
 
 Ctrl (Ti 4+) Rough (Ti 4+) Flat (Ti 3+) Flat (Ti 4+) 
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45,9% 42,7 % 35,9 % 35,2% 
Figure S7. Physical properties of 4 sample types monocrystals with 
different chemistries and roughness. 
 
Figure S8. Ionic exchange is initiated by release of positively charged 
molecules such as Na+ (PL and BIO). Subsequently, calcium ions are  
absorbed on the charged surface and generate an amorphous calcium 
titanate. Finally, phosphates groups are combined with accumulated 
calcium ions to initiate crystalline apatite formation. Once formed, apatite 
continuous to feed on calcium and phosphates ions to grow. Adapted from 
[1]. 
 
    BIC    BAT         ROI 
2 weeks    
SB 39.3 ± 2.5 23.0 ± 0.9 a 52.8 ± 2.7a 
BIO 49.0 ± 23.6 26.6 ± 4.3 a 57.2 ± 10.8 
AE 19.0 ± 3.2 18.1 ± 2.1 b 53.6 ± 19.2 a 
PL 30.3 ± 9.5 19.8 ± 8.7 b 54.2 ± 19.7 a 
4 weeks                        
SB 46.5 ± 9.8 36.3 ± 4.6 a 60.6 ± 16.9 
BIO 83.2 ± 8.1 61.2 ± 11.9 58.0 ± 10.5 
AE 52.2 ± 12.9 36.5 ± 6.9 a 63.3 ± 8.4 b 
PL 69.1 ± 12.0 57.6 ± 28.9 64.6 ± 24.3 b 
8 weeks                        
SB 46.2 ± 3.5 49.1 ± 2.0  59.6 ± 0.0 
BIO 85.6 ± 3.8 59.5 ± 8.7 66.5 ± 11.3 
AE 65.1 ± 22.3 50.2 ± 21.7 61.8 ± 18.4 
PL 76.8 ± 10.5 56.7 ± 8.9 75.8 ± 8.0 
                        
Table S1. Values of the histomorphometric paramters BIC, BAT and ROI for the 4 
sample types (SB,AE,PL and BIO) at weeks 2,4 and 8. 
 
 C 1s O 1s Ti 2p N 1s Mg 1s 
Rough (Ti 4+) 50,3 33,4  9,1  2,2 2,2 
Flat (Ti 4+) 43 38,7 13,0 1,1 1,3 
Flat (Ti 3+) 38,6 38 13,3 2,2 5,9 
Ctrl (Ti 4+) 28,0 47,2 20,9 0,4 0,1 
 
Table S2. Physical properties of 4 sample types mono crystals with 
different chemistries and roughness. 
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